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Introduction

68
Sustainable food production minimizes overexploitation of wild populations and 69 degradation of ecological health (Campbell et al., 1998; Shumway et al., 2003; Orensanz et al., as replicates for two treatments: elevated pCO2 level of ~2000-3000 µatm and ~7.2-7.4 pH (total 138 scale); and ambient hatchery conditions of ~480-730 µatm and ~7.8-8.0 pH (total scale). The 139 elevated pCO2 level was set with a pH-stat system (Neptune Apex Controller System; Putnam et 140 al., 2016) and gas solenoid valves for a target pH of 7.2. pH (NBS scale) and pH and temperature 141 (°C) were measured every 10 seconds in conicals (Neptune Systems; accuracy: ± 0.01 pH units 142 and ± 0.1°C, resolution: ± 0.1 pH units and ± 0.1°C). These treatments were delivered to replicate 143 exposure trays, which were gravity fed seawater from conicals ( Fig. 1 ; n = 4 per treatment). The 144 experiment began with an initial exposure period of 10 days under elevated pCO2 (2345 µatm) and 145 ambient treatments (608 µatm; Table 1 ). Preliminary exposure was followed by 14 days in ambient 146 common garden (557 ± 17 µatm; pHt.s. 7.9 ± 0.01; Ωaragonite 1.46 ± 0.04, mean ± SEM) before 147 secondary exposure for 6 days to reciprocal treatments of elevated pCO2 (2552 µatm) and ambient 148 treatments (506 µatm; Table 2 ). For the secondary exposure period, one tray was crossed to the 149 opposite treatment to address both repeated and reciprocal exposure (n = 2 trays per 150 initial×secondary pCO2 treatment; Fig. 1 ). Following this the juveniles were exposed to ambient 151 conditions for 157 days within the replicate trays. animal weight -1 week -1 , the live animal weight (mg) of spat (S; estimated from regression of shell length and weight of Manilla clams in Utting and Spencer 1991), weight (mg) of one million algal 166 cells (W), and cell concentration of the culture (cells µl -1 ) to calculate the total volume (V) of each 167 species in a mixed-algae diet. Tray flow rates (mean flow rate, approx. 480 ± 9 ml -1 min -1 ) and 168 food delivery were measured and adjusted daily.
169
All geoduck survived the exposure periods. Half of the remaining juveniles burrowed in 170 each tray were maintained at the hatchery, positioned in the same replicate trays. The juveniles 171 were fed cultured algae ad libitum daily for 157 days before shell length and metabolic rates were 172 measured.
173
Respirometry and shell length measurements 174
Juvenile geoduck were measured on days 2, 5, 8, and 10 of initial exposure, days 0, 2, 4, 175 and 6 (cumulatively as day 24, 26, 28, and 30, respectively) of secondary exposure, and 157 days 176 after the exposure period (cumulatively as day 187) to assess rates of oxygen consumption 177 normalized to shell length. Calibrated optical sensor vials (PreSens, SensorVial SV-PSt5-4ml) 178 were used to measure oxygen consumption on a 24-well plate sensor system (Presens SDR 179 SensorDish). Juveniles in each treatment dish were divided into three sensor vials (10 individuals 180 vial -1 for exposure periods; 1 individual vial -1 at 157-d post-exposure), each filled with 0.2 µm-181 filtered seawater from corresponding trays. Three blank vials per tray, filled only with 0.2 µm-182 filtered seawater, were used to account for potential microbial oxygen consumption. Respiratory 183 runs occurred within an incubator at 15°C, with the vials and sensor placed on a rotator for mixing.
184
Each set of measurements lasted ~30 minutes and trials ceased when oxygen concentration 185 declined to ~70-80% saturation. Geoduck were subsequently photographed and shell length 186 (parallel to hinge) was measured using Image J with a size standard (1 mm stage micrometer).
Rates of respiration (oxygen consumption) were estimated from repeated local linear 188 regressions using the R package LoLinR (Olito et al., 2017) . An initial criterion of fixed constants 189 (from the LoLin R package) for weighting method (L%) and observations (alpha = 0.2) was run 190 individually for each respirometry measurement over the full 30-minute record as a "reference" Platinum Ultra-Accurate Digital Thermometer; resolution; 0.001°C; accuracy: ± 0.05 °C).
209
Seawater chemistry was measured for three consecutive days during the 14 days of ambient 210 common garden between initial and secondary treatment periods. Quality control for pH data was 211 assessed daily with Tris standard (Dickson Lab Tris Standard Batch T27) and handheld 212 conductivity probes used for discrete measurements were calibrated every three days. TA was Elevated pCO2 had a significant effect on respiration rate over the initial 10-day exposure 240 (pCO2 treatment, F1,88 = 7.512; P < 0.01) with a 25% reduction (averaged across all days) in 241 metabolic rate in elevated pCO2 treatment relative to ambient ( Fig. 2A ). Juvenile geoduck grew 242 significantly with time under the initial 10-d exposure (time, F3,949 = 3.392; P = 0.018) with a 3.6% 243 increase in shell length between days 2 and 10 ( Fig. 2B ), but there was no effect of pCO2 treatment 244 on shell length (Table 2 ). Significant differences in respiration rate from the initial pCO2 treatment 245 were still apparent after 14 days in ambient common garden and before the onset of the secondary 246 exposure ( Table 2 and Fig. 3A) . In contrast, there was no significant change in shell length due to 247 initial pCO2 treatment after 14 days in ambient common garden (Table 2) . 
Exposure 2 249
There was no interaction between initial and secondary pCO2 treatments nor between 250 treatments and time on respiration rate or shell length (Table 2 ). There was a marginal effect of 251 time on respiration rate (Table 2 ; time, F2,60 = 3.137; P = 0.0506) with a 31% increase in average 252 respiration rate between days 2 and 6. Initial pCO2 treatment had a significant effect on shell length, 253 with on average a ~4% reduction in shell size under high pCO2 relative to ambient initial exposure 254 ( Fig. 3B; pCO2_initial, F1 ,709 = 15.821; P < 0.001). This same trend was present under the secondary 255 high pCO2 exposure, (Fig. 3B; pCO2_secondary, F1 ,709 = 9.917; P = 0.002) with 3.20% smaller shells 256 for individuals exposed to elevated pCO2 treatments. There were pairwise differences in shell size 257 between animals only exposed to ambient and animals repeatedly exposed to elevated pCO2 (Fig.   258 3B; day 6, P = 0.0415; day 6 ambient -day 4 elevated, P = 0.0406). 259
Common garden after exposure periods 260
There was no interaction between initial and secondary pCO2 treatments on respiration rate 261 or shell length ( Table 2 ). The initial exposure period had a significant stimulatory effect on shell 262 length of juveniles previously exposed to high pCO2, after 157 days in ambient common garden 263 ( Fig. 4A; pCO2_initial, F1 ,170 = 5.228; P = 0.023), where average shell lengths were 5.8% larger in 264 juveniles exposed to initial elevated pCO2. Secondary 6-day exposure had a significant effect on 265 respiration rates after 157 days in ambient common garden ( Fig. 4B; pCO2_seccondary, F1 ,31 =13.008; 266 P = 0.001) with an average of 52.4% greater respiration rates in juveniles secondarily exposed to 267 elevated pCO2. 
Metabolic depression and compensatory response 278
Metabolic depression, such that was found under initial exposure of geoduck to elevated 279 pCO2, has been suggested as an adaptive mechanism to extend survival (Guppy and Withers, , 2005) . Conversely, metabolic elevation is relatively common for early-life stage bivalves 293 exposed to low pH and Ωaragonite undersaturation and typically coincides with consequences for 294 performance and survival (Michaelidis et al., 2005; Beniash et al., 2010; Thomsen and Melzner, 295 2010; Fernández-Reiriz et al., 2011; Waldbusser et al., 2015; Lemasson et al., 2018) . Whether Michaelidis et al., 2005; Beniash et al., 2010; Lannig et al., 2010; Thomsen and Melzner, 2010; 300 Gazeau et al., 2013) .
301
Juvenile geoduck repeatedly exposed to elevated pCO2 showed possible stress "memory" 302 with rebound from metabolic depression under subsequent stress and compensatory shell growth 303 after long-term recovery. This hormetic-like response (Calabrese et al., 2007; Costantini, 2014) 304 demonstrates a benefit of early stress-priming for later performance and the adaptive plasticity of 305 P. generosa to elevated pCO2. Use of hormesis to conceptualize carry over effects of mild stress 306 exposure is largely confined to model insects, plants, and microorganisms (Lee et al., 1987; 307 Calabrese and Blain, 2009; López-Martínez and Hahn, 2012; Visser et al., 2018) . For example, 308 Visser et al. (Visser et al., 2018) found the Caribbean fruit fly, Anastrepha suspensa, exposed to 
Age and intensity dependence of shell growth 315
Metabolic recovery was coupled with reduced shell growth under a repeated stress 316 encounter ( Fig. 3) and compensatory shell growth after approximately five months in ambient 317 conditions (Fig. 4) . This could be explained by several hypotheses such as: carry over effect from 318 metabolic depression under initial exposure to elevated pCO2 ( Fig. 2A) , differing sensitivity to 319 stress intensity (Table 1) , and/or age dependence for environmental hardening, or the interaction 320 with increasing temperature through the season (see Supplementary Figure 1 , 2010; Fernández-Reiriz et al., 2011; Navarro et al., 2013) . Therefore, decreased shell 325 length under secondary exposure may be a carry over effect of metabolic depression during initial 326 exposure. However, shell length was also reduced for clams initially exposed to the elevated 327 treatment in the second exposure period (Table 2, Fig. 3B ) indicating potential age-dependence on 328 calcification and bioenergetic effects for juvenile P. generosa. This reduction however, could be 329 explained by the fact the secondary elevated pCO2 treatment was on average ~0.04 pH units lower 330 than the initial exposure (Table 1) suggesting possible sensitivity to increased stress intensity. It is 331 likely that both temporal dynamics and stress thresholds influence intragenerational carry over 332 effects and further experimental efforts with repeated reciprocal design are needed.
333
Respiration rates and shell growth five months post-exposure show a latent enhancement 334 for animals repeatedly stressed or exposed to a stress event earlier in life, emphasizing the 335 importance of the severity, duration, and timing of intragenerational stress-conditioning. These invertebrates (Suckling et al., 2015; Cole et al., 2016; Parker et al., 2017; Scanes et al., 2017; 341 Lemasson et al., 2018) . Fewer studies have, however, tested responses of benthic infauna to 342 realistic environmental regimes found within an organism's natural habitat (Green et al., 2009; 343 Thomsen et al., 2017; García et al., 2018) . Such experiments have shown coupled effects of 344 acidification alongside pathogens, food availability, and environmental chemistry (Sanders et al., 345 2013; Thomsen et al., 2013; Cao et al., 2018; Stevens and Gobler, 2018) . For example, Mackenzie 2°C between initial and secondary exposures (Table 1) , therefore decreased shell length during 349 secondary exposure to elevated pCO2 (Fig. 3B ) could have been driven additively by temperature.
350
Further investigations of P. generosa must address coupled stressors of varied frequency and 351 duration to determine the detrimental, advantageous, or neutral impacts and interactions of 352 multiple stressors (Gunderson et al., 2016) . and compensatory growth in P. generosa in this study demonstrates a resilience to short-term 361 acidification in the water column. Enhanced growth rates during juvenile development can present 362 benefits for burrowing behavior (Green et al., 2009; Clements et al., 2016; Meseck et al., 2018) Green et al., 1993; Burdige et al., 2008; Feely et al., 2010) adjacent to seasonally acidified and 372 undersaturated water bodies (Feely et al., 2010; Reum et al., 2014) .
373
Conclusion
375
Data in this present study provides evidence of capacity to cope with short-term 376 acidification for an understudied infaunal clam of high economic importance. Survival of all 377 individuals over the 30-d experiment demonstrates the resilience of this species to low pH and 378 reduced carbonate saturation. Juvenile geoduck exposed to low pH for 10 days recovered from 379 metabolic depression under subsequent stress exposure and conditioned animals showed a 380 significant increase in both shell length and metabolic rate compared to controls after five months 381 under ambient conditions, suggesting stress "memory" and compensatory growth as possible 382 indicators of enhanced performance from intragenerational stress-conditioning. Our focus on 383 industry enhancement must expand to test developmental morphology, physiology, and genetic 384 and non-genetic markers over larval and juvenile stages in a multi-generational experiment to 385 generate a more holistic assessment of stress hardening and the effects of exposure on cellular 386 stress response (Costantini et al., 2010; Foo and Byrne, 2016; Eirin-Lopez and Putnam, 2018) for 387 advancement of sustainable aquaculture (Branch et al., 2013) . Parental conditioning for the benefit 388 of production (Utting and Millican, 1997) has merit for economically important bivalves (Parker 389 et al., 2012; 2013; 2015) . Advancements in genome sequencing demands further research to 390 synthesize -omic profiling (i.e global DNA methylation and differential expression) with 
